ABSTRACT The ontogeny of Ia-bearing accessory cells was studied in mice. Ia-bearing adherent eells from the thymus, consisting predominantly of macrophages, were found from birth. These adherent cells were able to present antigen, as measured by their ability to induce immune T-cell proliferation.
In contrast, Ia-bearing adherent cells from the spleen were not found until the second week of life, and their antigen-presentation function was not present until later. The differential ontogeny of Ia-bearing accessory cells at these sites may be important in both development of immune competence and the restriction of autoimmunity. Nonlymphoid accessory cells are essential in the activation of several mature T-cell functions (1) (2) (3) (4) . The accessory cells involved are macrophages characterized by membrane expression of Ia molecules. These Ta molecules are products of the major histocompatibility gene complex and appear to be involved in cell recognition of antigen or in cell-cell interactions (or both). In addition, accessory cells may be involved in the regulation of T-cell differentiation in the thymus (5) (6) (7) (8) (9) .
We have reported recently that, in comparison to adult mice, the peritoneal exudate from neonatal mice contains small numbers of Ia-bearing macrophages. These exudate cells have a corresponding inability to present antigen to immune T cells (10) . We report now that, in contrast to these findings, the thymus contains Ia-bearing, antigen-presenting accessory cells from birth. The ontogeny of Ia-bearing accessory spleen cells was also examined; it was similar to the ontogeny of Ia-bearing peritoneal macrophages.
MATERIALS AND METHODS
A/J, C57BL/6J, and B10.A SgSn adult mice were purchased from The Jackson Laboratory. Neonatal B10.A SgSn, ATL, and C57BL/6J mice were bred in our colony.
Because of their low number in the thymus, thymic adherent cells were concentrated on discontinuous bovine serum albumin gradients as described (9) . By direct counts, essentially all thymic adherent cells from adult and neonatal mice were found in the low-density fraction banding between 10 and 24% albumin. In both neonatal and adult mice, this low-density fraction contained 3-6% of all thymus cells.
The antigen-presentation function of adherent spleen and thymus cells from mice of various ages was evaluated in culture by measuring their ability, after uptake of heat-killed Listeria monocytogenes, to stimulate Listeria-immune T-cell proliferation. Splenocytes or low-density thymus cells from mice of different ages were suspended in RPMI 1640 supplemented with 5% fetal calf serum, antibiotics, 0.5 mM sodium pyruvate, 2 mM L-glutamine, and 0.75% sodium bicarbonate. The cells were then placed in 1.0 X 0.7 cm2, flat-bottom tissue-culture
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
wells, centrifuged at 500 X g for 5 min, and cultured at 37°C in an incubator in humidified 5% CO2 in air. After 2 hr, the nonadherent cells were removed. The adherent cells were then exposed simultaneously to heat-killed Listeria and mitomycin C (50,ug/ml, final concentration) for 1 hr. The tissue-culture wells were then washed extensively to remove the mitomycin C and free Listerui. Listeria-immune T cells (4 X 105) were added to the wells and cultured for 4 
RESULTS
In most experiments, Ia-bearing adherent cells were detected by monoclonal hybridoma antibody specific for anti-I-Ak. Antigen-presentation function of adherent spleen and thymus cells from mice of various ages was evaluated by measuring the ability of these cells, after uptake of Listeria, to stimulate Listeria-immune T-cell proliferation in vitro. This system has been evaluated in detail (10, 11) . Induction of T-cell proliferation requires interaction of T cell and Ia-bearing accessory cells that have taken up dead Listeria organisms. Homology at the I-A region of H-2 between T cell and accessory cell is required for optimal proliferation. We have found the requirements for T cell-accessory cell interaction to be the same for all types of accessory cells-peritoneal macrophages, thymic macrophages, or splenic adherent cells. Table 1 shows a representative experiment comparing the Fig. 1 shows the results of all experiments with adherent cells from B1O.A mice. Clearly, Ta-bearing accessory cells appeared early in the thymus and late in the spleen. Identical results (not shown) were found in one experiment comparing the number of Ta-positive cells with hybridoma antibody and an A.TH anti-A.TL serum, which has a broader specificity.
The earliest thymuses that we examined were from a pool of 1-to 3-day-old mice. The adherent cells from these thymuses contained 11% Ia-positive cells and had a corresponding antigen-presenting ability. Thus, the adherent cells from 5 X 104 plated cells induced 1341 cpm of [3H]thymidine incorporation in 4 X 105immune T cells in contrast to 4753 cpm induced by adherent cells from adult thymus, which were 35% Ta bearing; the T-cell proliferation to Listeria in the absence of adherent cells was 77 cpm in that experiment.
A particularly interesting period of ontogeny lies between 2 and 4 weeks of age. During this time, there were rapid changes in the Ta content and antigen-presenting function of splenic adherent cells. Although experimental values varied from litter to litter, the data as a whole were characterized by the appearance of Ia-bearing splenic adherent cells before the development of antigen-presenting ability. This speculation derives from the experiments dealing with the generation of T-cell immunocompetence by use of chimeric mice, which suggest that the interaction between immature T cells and thymic stromal elements determines the H-2 portion of the dual specificity of mature T cells (5) (6) (7) (8) . Furthermore, neonatal thymocytes, unlike thymocytes from mature animals, have the unique ability to proliferate in response to isogeneic cells (15) (16) (17) . We interpret this proliferation to reflect the selected expansion of immature T-cells clones with receptors complementing the Ta on thymic accessory cells, and, thus, the determination of all future Ia-restricted T-cell interactions. Additional circumstantial evidence in favor of a regulatory role for these thymic Ia-bearing accessory cells is the strategic location of these cells in the thymus, the evidence in vitro that these cells induce one stage of T-cell maturation (9) , and the present observation on their early appearance in ontogeny before T-cell responses become evident (18, 19) .
In light of our data, we would like to raise several issues for Proc. Natl. Acad. Sci. USA 77 (1980) consideration. Two of these concern the stimulation of unresponsiveness by introduction of antigen into the thymus and the lack of what appears to be a unique thymic Ia-bearing accessory cell. Tolerance or suppression (or both) can be induced by introduction of antigen into the thymus, either directly or systemically (reviewed in refs. 20 and 21). At face value, this ease of tolerance induction may appear surprising in light of the presence in the thymus of Ia-bearing macrophages, which, in all previously studied circumstances, have T-cell-activating function. However, the number of macrophages in the thymus is low-approximately 0.25% of all cells compared to approximately 3% in the adult spleen-and, in addition, they are predominantly localized at the cortex and corticomedullary junction. Additional anatomical factors in the thymus may prevent simultaneous interaction between competent T cell,
Ia-bearing accessory cell, and antigen. For example, normally, the thymic cortex but not the medulla is well protected from blood-borne antigens (22) . Thus, medullary thymocytes may encounter antigen in a relatively macrophage-deficient environment. One could also speculate that Ia-bearing macrophages may trigger immature T cells to become suppressors under conditions peculiar to the thymus. Finally, the ease of tolerance induction in the thymus should not be more surprising than the tolerance induced in the spleen, which also contains Ia-bearing accessory cells.
The second issue is the absence of an Ia-bearing accessory cell unique to the thymus. We have evaluated Ia on adherent cells isolated from the thymus and maintained in culture (13) . Epithelial cells, defined by morphology and the absence of Fc receptors, were Ia negative. Only macrophages and dendritic cells were Ia bearing. Even though these Ia-bearing accessory cells are present in many tissues, complete T-cell maturation requires the thymus. Thus, interaction between immature thymocyte and Ia-bearing accessory cell by itself may not be sufficient for T-cell maturation. Other cells or influences peculiar to the thymus must be required (9) .
Another important question raised by our experiments is the physiological significance of the near absence of Ia-positive cells in the periphery (peritoneum and spleen) during the first 2-4 weeks of life. It is expected that peripheral T-cell helper activity and macrophage activation in the neonate should be severely limited by the paucity of antigen-presenting cells. The evolutionary disadvantages of a limited T-cell-mediated immune defense immediately after birth may be outweighed by the self-tolerance mechanisms offered by the paucity of antigenpresenting cells. Direct T cell-antigen interaction in the absence of Ia-bearing macrophages generates antigen-specific suppressor cells (23, 24) . Such interactions would be expected in the neonate and might result in self-specific suppressor T cells.
Although there is anmple precedent for antigen-presenting cells profoundly influencing T-cell function, the regulatory role of T cells on antigen-presenting macrophages must also be considered. Beller et al. (25) have demonstrated that activated T cells can regulate the appearance of Ia-bearing macrophages in the peritoneal exudate and spleen. Thus, the ontogeny of Ia-positive adherent cells in thymus, spleen, and peritoneal exudate may reflect the presence or absence of T-cell activity at these sites. Presumably, the cycle of no T-cell activation because of the absence of Ia-bearing adherent cells and no Iabearing adherent cells outside the thymus because of T-cell immaturity must be broken at some point in ontogeny to allow eventual maturation of immune function. Signals to break the cycle are unknown. Perhaps differentiating tissues secrete fetal proteins that suppress T-cell maturation. Upon reaching a differentiation milestone, when all possible self-antigens are expressed and the immunological catalog of self is complete, the level of these fetal proteins may drop to adult levels and release T cells to further differentiate. In our studies, the antigen-presenting function reaches adult levels by 3 weeks in the spleen and slightly later in the peritoneum. This coincides with a major milestone in the young mouse's life-weaning. A maternal factor transmitted to the neonate via milk might play a role in blocking neonatal T-cell and macrophage maturation. Weaning would remove the postulated factor and allow these cells to differentiate.
A final issue to be discussed is our demonstration of a developmental stage when significant numbers of splenic adherent cells bear Ia but have minimal antigen-presenting function. Several explanations for this observation must be considered. First, the data in Table 3 make it unlikely that there was a sufficiently potent suppressor adherent cell to curtail antigen presentation by the Ia-positive splenic adherent cells. Second, there may be several subsets of Ia-positive adherent spleen cells, only one of which is capable of antigen presentation, although we have no evidence for this. Third, splenic adherent cells may lack antigen presentation not because of lack of Ia, but because of the lack of a second signal such as the release of a mediator. Fourth, because Cowing et al. (26) have demonstrated that the accessory cells presenting protein antigens bear both I-A and I-E/C surface antigens, one might argue that neonatal accessory cells sequentially developed first I-A and then I-E/C surface antigens. Antigen-presenting function would not appear until both antigens were on the cell surface. Because our experiments used either anti-I-A hybridoma antibody or polyvalent ATHanti-ATL antibody, we could not distinguish between accessory cells carrying surface I-A antigen alone and cells with both I-A and I-E/C antigens. Thus, the Ia-positive, non-antigen-presenting accessory cells observed with our antisera might, in fact, be I-A positive and I-E/C negative. We cannot rigorously exclude this possibility without I-E/C-specific antibody. However, effective antigen presentation in our Listeria system requires macrophage-T cell homology primarily at the I-A, and not both I-A and I-E/G, subregions of the H-2 gene complex (11, 27) . If the antigen-presenting cell must have I-E/C in addition to I-A surface antigens, this T cell-accessory cell interaction is not genetically restricted at I-E/C. Therefore, we think it unlikely that the presentation of Listeria requires that the accessory cells bear both I-A and I-E/C antigens. 
